The oral bacterium Streptococcus gordonii expresses two cell wall-associated polypeptides, designated SspA (1,542 amino acid residues) and SspB (1,462 amino acid residues), that have 70% sequence identity. These polypeptides are members of the antigen I/II family of oral streptococcal adhesins and mediate the binding of streptococci to salivary glycoproteins, collagen, and other oral microorganisms such as Actinomyces naeslundii. To determine if SspA and SspB have differential binding properties, the coding sequences of the sspA and sspB genes were cloned into expression plasmid vector pTREX1-usp45LS to generate pTREX1-sspA and pTREX1-sspB, respectively, and the Ssp polypeptides were displayed on the cell surface of Lactococcus lactis MG1363. Streptococci are major primary colonizers of oral hard and soft tissues. The "mutans group" streptococci including Streptococcus mutans and Streptococcus sobrinus are implicated in the development and progression of dental caries. The "mitis group" organisms (24) including Streptococcus gordonii, Streptococcus mitis, Streptococcus oralis, Streptococcus parasanguis, and Streptococcus sanguis are not considered to be highly cariogenic; nevertheless, they play a significant role in the development of the complex microbial accumulations that are associated with caries and other oral diseases such as gingivitis and periodontitis (reviewed in reference 48). Most species of indigenous oral streptococci express on their cell surfaces highmolecular-mass cell wall-associated polypeptides of the antigen I/II family (reviewed in reference 21). These polypeptides are oligospecific adhesins recognizing multiple ligands, and they mediate a wide range of streptococcal adherence properties including binding to salivary glycoproteins (15, 32, 34) (especially parotid salivary agglutinin glycoprotein [SAG] [1, 9]), type I collagen (30, 40), and other oral microbial cells including Actinomyces naeslundii (7, 23), Candida albicans (17), and Porphyromonas gingivalis (4, 27). These antigen I/II polypeptide-binding properties are important not only for initial adhesion of streptococcal cells to saliva-coated surfaces and exposed host tissue matrix but also for interbacterial adhesion and "secondary" colonization by organisms such as P. gingivalis (22).
Streptococci are major primary colonizers of oral hard and soft tissues. The "mutans group" streptococci including Streptococcus mutans and Streptococcus sobrinus are implicated in the development and progression of dental caries. The "mitis group" organisms (24) including Streptococcus gordonii, Streptococcus mitis, Streptococcus oralis, Streptococcus parasanguis, and Streptococcus sanguis are not considered to be highly cariogenic; nevertheless, they play a significant role in the development of the complex microbial accumulations that are associated with caries and other oral diseases such as gingivitis and periodontitis (reviewed in reference 48) . Most species of indigenous oral streptococci express on their cell surfaces highmolecular-mass cell wall-associated polypeptides of the antigen I/II family (reviewed in reference 21). These polypeptides are oligospecific adhesins recognizing multiple ligands, and they mediate a wide range of streptococcal adherence properties including binding to salivary glycoproteins (15, 32, 34) (especially parotid salivary agglutinin glycoprotein [SAG] [1, 9] ), type I collagen (30, 40) , and other oral microbial cells including Actinomyces naeslundii (7, 23) , Candida albicans (17) , and Porphyromonas gingivalis (4, 27) . These antigen I/II polypeptide-binding properties are important not only for initial adhesion of streptococcal cells to saliva-coated surfaces and exposed host tissue matrix but also for interbacterial adhesion and "secondary" colonization by organisms such as P. gingivalis (22) .
The antigen I/II family polypeptides have a number of common structural and functional features (21) . The polypeptide precursors are between 1500 and 1580 amino acid (aa) residues long, and the primary sequence can be conveniently divided into seven regions. These are, from the N terminus, (i) the leader peptide (approximately 38 aa residues); (ii) an N-terminal charged region (up to 139 aa residues); (iii) alanine-rich helical repeats (approximately 300 aa residues) (A region) with salivary glycoprotein-binding activity; (iv) a V (variable) or D (divergent) region with least sequence similarity among the family members; (v) central proline-rich repeats (P region) comprising about 120 aa residues and highly conserved; (vi) a C-terminal region of approximately 500 aa residues, also highly conserved and carrying sequences implicated in binding SAG, Ca 2ϩ , and P. gingivalis; and (vii) a cell wall anchorage region comprising about 85 aa residues. Despite these structural similarities and localized regions of highly conserved sequence among the antigen I/II family polypeptides, evidence suggests that individual members of the protein family have different binding specificities. For example, SAG binding by antigen I/II polypeptide from S. mutans KPSK2 is fucose and lactose sensitive, unlike SAG binding by S. gordonii SspB (10), and S. gordonii SspA and SspB polypeptides both bind P. gingivalis cells whereas S. mutans PAc (antigen I/II) protein does not (4) . The molecular basis for these different substrate-binding specificities is not fully understood.
S. gordonii is the only oral Streptococcus species so far identified that expresses two antigen I/II polypeptides. Mature SspA (1,542 aa residues) and SspB (1,462 aa residues) are the products of tandemly arranged, monocistronic chromosomal genes that are independently transcribed (8) . Structural and transcriptional start site differences between the sspA and sspB gene promoters indicate that the genes may be differentially regulated in S. gordonii M5. The SspA and SspB polypeptides are 84% identical across their N-terminal regions, 98% identical within the C-terminal regions, but only 27% conserved within the V (or D) region. Insertional inactivation experiments have shown that both sspA and sspB genes are necessary for the binding of S. gordonii cells to SAG, collagen, A. naeslundii, and C. albicans (7, 17, 30) . However, these experiments have not enabled the determination of the relative binding properties or affinities of the SspA and SspB polypeptides for their substrates. The SspB protein, when expressed on the surface of Enterococcus faecalis, confers upon the enterococcal cells the ability to bind SAG (6), C. albicans (17) , and P. gingivalis (27) . Purified SspB binds SAG (9), while recombinant SspA and SspB immobilized onto nitrocellulose are able to support the binding of P. gingivalis cells (4) . Thus, the Ssp polypeptides appear to be functionally active when expressed on a heterologous cell surface and retain, to an undefined degree, their binding properties in ex vivo assays.
However, the antigen I/II polypeptides are predicted to form complex tertiary structures (28) , and therefore the substratebinding properties of these proteins may be influenced markedly by conformational folding. To compare the binding functions of the S. gordonii SspA and SspB polypeptides in cell surface conformation, we have expressed the proteins independently as cell surface-anchored molecules in the food-grade organism Lactococcus lactis. Both polypeptides confer upon lactococci a range of antigen I/II-associated adhesion phenotypes. Adhesion assays of lactococcal cells expressing these proteins demonstrate that the SspA and SspB polypeptides have distinct and alternate substrate-binding properties.
MATERIALS AND METHODS
Bacteria and culture conditions. S. gordonii DL1 (Challis) (36) , S. gordonii M5 (a human oral isolate provided by B. Rosan, University of Pennsylvania), E. faecalis JH2-2 (19) , and A. naeslundii T14V (3) were cultured at 37°C in brain heart infusion medium (Difco Laboratories, Detroit, Mich.) containing 0.5% (wt/vol) yeast extract (BHY). L. lactis MG1363 (12) and derivatives were cultured at 30°C in M17 medium (Difco) containing 0.5% (wt/vol) glucose. Cultures were inoculated from stock cell suspensions stored at Ϫ80°C in BHY medium or M17-glucose medium containing 15% (wt/vol) glycerol and were grown in closed tubes or bottles without shaking. C. albicans ATCC 10261 was grown at 30°C with aeration in a salts-biotin medium containing 1% (wt/vol) glucose (18) . Escherichia coli DH5␣ (16) cells were cultivated in Luria-Bertani medium (39) . Antibiotics were incorporated into media where appropriate at the following concentrations: ampicillin, 50 g/ml; erythromycin, 5 g/ml (S. gordonii, E. faecalis, and L. lactis) or 50 g/ml (E. coli); and chloramphenicol, 5 g/ml (E. faecalis and L. lactis) or 10 g/ml (E. coli).
Transformation. E. coli cells were transformed following CaCl 2 treatment (39), E. faecalis was electrotransformed following incubation of cells with 4% (wt/vol) glycine essentially as described by Cruz-Rodz and Gilmore (5), and L. lactis was electroporated and transformed with plasmid DNA as previously described (46) . DNA manipulations. Routine molecular biology techniques were performed by the methods described by Sambrook et al. (39) . Chromosomal DNA was isolated from S. gordonii as described previously (20) . Plasmid DNA was isolated from E. coli by using Wizard Minipreps (Promega Corp., Madison, Wis.), and from E. faecalis and L. lactis by a modified alkali lysis method (46) . DNA restriction and modification enzymes were used under the conditions recommended by the manufacturers.
PCR amplification. Synthetic oligonucleotides were derived from the nucleotide sequences of sspA and sspB (GenBank accession no. U40025 and U40026, respectively) and were generated to incorporate restriction enzyme sites at their 5Ј ends to facilitate cloning. PCR primer pair 1 was designed to amplify DNA from bp 124 to 4871 (U40025) encoding SspA aa residues 15 to 1542 of the mature protein, the TAA stop codon, and 37 bp downstream, within which was a rho-independent transcriptional terminator sequence (stem-loop). The primers were (coding strand) 5ЈACGCGTCGACACTACAACTGGGAATCCAGCT3Ј (SalI site underlined) and (complementary strand) 5ЈGCCCTAGGCTTTGAA AACTCAAGAAGCG3Ј (AvrII site underlined). PCR primer pair 2 was designed to amplify DNA from bp 669 to 5013 (U40026) encoding SspB aa residues 15 to 1462 and the TAA stop codon. The primers were (coding strand) 5ЈACG CGTCGACGCTACTACAGGAAACCCGGCC3Ј (SalI site underlined) and (complementary strand) 5ЈCGGGATCCAATCTTCTTTGCGTTTTGCCAGA CC3Ј (BamHI site underlined). PCR mixtures contained S. gordonii M5 DNA (50 ng), 3 U of TaqPlus long polymerase mixture (Stratagene, La Jolla, Calif.), and a final Mg 2ϩ concentration of 2 mM. The conditions for DNA amplification were as follows: 40 cycles of a denaturation step (95°C for 30 s), an annealing step (60°C for 60 s), and an extension step (72°C for 4 min; an extra extension (72°C for 10 min) was performed at the end of the final cycle. The PCR products were purified, digested with a combination of SalI and AvrII or SalI and BamHI, and ligated with pTREX1-usp45LS (45) cut with a combination of SalI-XbaI or SalI-BamHI respectively (Fig. 1) . In cloning the sspB amplicon, digestion with BamHI generated a fragment with 211 bp missing at the 3Ј end owing to the presence of a BamHI site within the sspB gene sequence. Accordingly, the missing 211-bp BamHI fragment was reinserted into the primary clone to generate pTREX1-sspB, and the orientation was confirmed by DNA sequencing. The authenticity of cloning and fusion with the vector usp45 sequence was checked by nucleotide sequencing of recombinant plasmids with custom-synthesized oligonucleotides. The fidelity of PCR amplification was determined across approximately 750 bp of sspA and sspB sequences encompassing the regions encoding the Ad1 and Ad2 adhesion-mediating amino acid sequences that are wholly conserved between the polypeptides (21) .
Analysis of bacterial proteins. Cell wall polypeptides were released from late-exponential-phase streptococcal cells following generation of spheroplasts by incubating cells with mutanolysin (500 U/ml) (7). Surface proteins were extracted from E. faecalis and L. lactis cells by the same method but with the inclusion of lysozyme (200 g/ml). Protein concentrations were determined with a protein assay kit (Bio-Rad Laboratories, Richmond, Calif.). Polypeptides were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with silver nitrate or transferred to nitrocellulose by electroblotting as previously described (7, 23) . The blots were incubated with rabbit polyclonal antibodies raised to purified P1 (SpaP) polypeptide from S. mutans (provided by N. A. Jacques, Institute of Dental Research, University of Sydney, Sydney, Australia) at a 1:200 dilution, and antibody binding was detected with peroxidase-conjugated swine anti-rabbit immunoglobulins (Dako Corp., Carpinteria, Calif.) (23) .
Enzyme-linked immunosorbent assay (ELISA). Bacterial cells were immobilized onto wells of microtiter plates (Nunc, Roskilde, Denmark) and reacted with SpaP (P1) antiserum, and antibody binding was detected with peroxidase-conjugated secondary antibodies as described elsewhere (17) . Antigen concentrations were expressed as absorbance at 492 nm (A 492 ) at a 1:2,000 dilution of serum corrected for A 492 values obtained for an irrelevant rabbit antiserum.
Bacterial adherence assays. Streptococci, enterococci and A. naeslundii cells (BHY medium) and lactococci (M17-glucose medium) were radioactively labeled by growth in medium containing [ (17) . Adherence of cells to immobilized SAG was measured as described previously (23) , and adhesion to acid-soluble collagen type I was measured as detailed by Love et al. (30) . The binding of radioactively labeled A. naeslundii to immobilized gram-positive cocci was measured by the method of McNab et al. (31) , and adhesion of C. albicans to streptococci and lactococci was determined as described previously (17) . Student's t test was used for statistical analysis of the data, and P Ͻ 0.05 was considered significant.
RESULTS
Expression of sspB from within pAM401 in E. faecalis and L. lactis. Demuth et al (6) first demonstrated functional expression of an oral streptococcal adhesin (SspB) in a heterologous gram-positive host. The sspB gene and upstream promoter region was cloned into the shuttle plasmid pAM401 (49) , and SspB protein was expressed on the E. faecalis S161 cell surface as demonstrated by immunoelectron microscopy (6) . By using antibodies raised to P1 (SpaP) protein from S. mutans, which react with both SspA and SspB polypeptides (7), the amount of antibody-reactive SspB protein present on the surface of intact E. faecalis JH2-2(pAM401EB-5) cells was determined by ELISA to be about 45% of the total P1 antibody-reactive protein on the surface of S. gordonii DL1 (Table  1) . Western blots of corresponding surface protein extracts reacted with P1 antibodies showed somewhat similar profiles (Fig. 2) and also showed that similar amounts of antigenic material were removed from E. faecalis and S. gordonii cells (Fig. 2) .
Enterococcal cells expressing SspB exhibited 5-fold-increased binding to immobilized SAG (Table 1) 1 . Schematic representation of plasmid pTREX1-usp45LS and the sspA and sspB expression plasmids pTREX1-sspA and pTREX1-sspB, respectively. PCRgenerated fragments of the S. gordonii genes sspA (encoding aa residues 15 to 1542) and sspB (encoding residues 15 to 1462) were cloned into pTREX1-usp45LS to generate in-frame fusions with the secretion leader peptide of the lactococcal usp45 gene (43) . Transcription is driven from a strong lactococcal phage P1 promoter, and the translation initiation region carries a ribosome-binding (Shine-Dalgarno) sequence (rbs) from E. coli bacteriophage T7 gene 10 that has been modified to increase the complementarity to the 16S rRNA of L. lactis (45) . Cloning of the sppA sequence carrying the chromosomal transcription terminator replaced the SalI-XbaI fragment within the cassette, while cloning of the sspB sequence replaced the SalI-BamHI fragment, leaving the BamHI-XbaI (152 bp) cassette sequence containing bacteriophage T7 RNA polymerase transcription terminator. The main features of the expression cassette and key restriction sites are indicated. Ery, erythromycin resistance gene. Controlled expression of sspA and sspB genes in L. lactis. Having established that SspB polypeptide could be functionally expressed on the cell surface of L. lactis, we designed experiments to compare further the binding properties of SspB and SspA. To achieve equivalent expression levels of these proteins in L. lactis, it was necessary to ensure that transcriptional and translational control signals were identical for both genes. However, the sspA and sspB gene promoters in S. gordonii are somewhat different in sequence and structure (8) . Therefore, PCR amplimers of the S. gordonii M5 sspA and sspB genes were each ligated in frame with DNA encoding the leader peptide of the lactococcal secreted protein Usp45 (43) and transcription was initiated from a strong lactococcal P1 promoter present within plasmid pTREX1-usp45LS (Fig. 1) . Thus, fusion polypeptides were generated comprising aa residue 15 of the mature SspA or SspB polypeptide bonded with aa residue D29 of the Usp45 leader, with cleavage of the signal peptide for protein secretion occurring within the Usp45 leader between aa residues A27 and V28 (Fig. 1) . The only difference between the fusion constructs was that the sspA gene was PCR amplified together with transcriptional terminator sequence whereas the sspB amplimer, lacking its own transcription terminator, was cloned into pTREX1-usp45LS upstream of the transcriptional terminator present within the expression cassette (Fig. 1) .
Evidence that equivalent expression levels of SspA and SspB proteins were achieved in recombinant L. lactis MG1363 (pTREX1-sspA) and L. lactis MG1363(pTREX1-sspB) was provided by ELISA data. Similar but not identical ELISA reactivities were obtained for intact cells of these strains reacted with polyclonal antigen I/II (SpaP) antibodies ( Table 2 ). The 13% lower ELISA value obtained for L. lactis cells expressing SspB may simply reflect lower overall reactivity of the polyclonal serum antibodies with SspB. Larger amounts of SspB protein were expressed by L. lactis MG1363(pTREX1-sspB) than by L. lactis MG1363(pAM401EB-5) ( Table 1) . Furthermore, higher levels of ELISA-reactive SspB were present on the L. lactis MG1363(pTREX1-sspB) cell surface than on the E. faecalis JH2-2(pAM401EB-5) cell surface. L. lactis MG1363(pTREX1-sspA) expressed 80% of the ELISA reactivity of S. gordonii cells ( Table 2 ). These results, taken collectively, demonstrate that pTREX1-usp45LS is a highly efficient expression vector. All strains expressed the SspA or SspB polypeptides with an apparent molecular mass of approximately 180 kDa in SDS-PAGE (Fig. 2) . These proteins were released from the cell wall following treatment of cells with enzymes hydrolyzing cell wall peptidoglycan and were not extracted by heating intact cells with 1% (wt/vol) SDS.
Plasmids pTREX1, pTREX1-sspA, and pTREX1-sspB were also introduced by electroporation into E. faecalis JH2-2. These plasmids replicated autonomously and conferred erythromycin resistance in E. faecalis transformants; however, Ssp polypeptides were not expressed on the cell surface, as determined by ELISA (results not shown). The most likely explanation for this was that the lactococcal P1 promoter was not recognized efficiently in E. faecalis, although the structural stability of the plasmids was not investigated.
Comparison of SspA and SspB polypeptide-binding properties. Lactococcal cells expressing cell surface Ssp polypeptides bound in substantially greater numbers to all substrates tested than did the L. lactis MG1363 control strain harboring pTREX1. Background binding levels of L. lactis(pTREX1) were somewhat higher than those of L. lactis(pAM401) ( Table 1) , which might be related to the different antibiotic selections used. However, the binding properties of lactococci expressing SspA or SspB were quite different. L. lactis expressing SspA adhered in more than twofold-greater numbers to SAG than did L. lactis expressing SspB (Table 2 ) and in greater numbers than did S. gordonii DL1 itself (Table 2) . On the other hand, L. lactis expressing SspB adhered twofold better than did L. lactis ex- pressing SspA to collagen type I (Table 2) . Thus, the SspA and SspB proteins appeared to have alternate binding affinities for SAG and collagen substrates. Differences in the binding affinities of the SspA and SspB proteins for A. naeslundii and C. albicans were less pronounced. Strains of lactococci expressing SspA or SspB both showed statistically significant increased binding of A. naeslundii cells over that by controls (Table 2) . However, the slightly greater numbers of Actinomyces cells bound to L. lactis expressing SspB were not statistically different from the numbers bound to L. lactis expressing SspA (Table 2). Significantly more (nearly twice as many) C. albicans cells bound to L. lactis expressing SspB than L. lactis expressing SspA (Table 2) .
DISCUSSION
Cell wall proteins of gram-positive bacteria are currently the focus of much attention because of their role in a number of processes including adhesion (22) and invasion (2, 29) ; modulation of immune system function, e.g., by cytokine expression and activation (44) ; inhibition of phagocytosis (38) ; and evasion of host immune defense mechanisms (13) . These proteins are in the main structurally complex, containing repeat regions of amino acid residues in addition to regions of unique sequence, with both regions being implicated in mediating adhesion. In a number of cases, substrate-binding activities are associated with linear sequences of 100 aa residues or less (22) . The S. mutans antigen I/II polypeptide (variously designated AgB, PAc, P1, or SpaP) contains sequences within the alanine-rich (A), variable (V) or divergent (D), and C-terminal regions (see the introduction) that recognize salivary glycoproteins (1, 32, 33) . In particular, two linear sequences of 40 aa residues (Ad1) and 20 aa residues (Ad2) are present C-terminal to the central proline-rich (P) region and appear to be major adhesion-mediating sequences (25) . Recently, a sequence of approximately 80 aa residues present C-terminal to Ad2 in S. gordonii SspB polypeptide has been shown to be necessary for binding P. gingivalis cells (4) and Ca 2ϩ (11) . However, these linear sequences are contained within the complex molecular environments of large polypeptides comprising 1,450 aa residues or more. Consequently, the binding functions are likely to be influenced by the tertiary structure of the protein. Therefore, to characterize further the binding properties of these complex adhesin molecules, it is important to be able to present them in, as far as is possible, their native cell surface conformations.
To begin to address this issue, we have expressed the S. gordonii Ssp adhesins on the cell surface of L. lactis. This organism is nonpathogenic and does not colonize mammals (45) , and since there are no reports of high-affinity binding of lactococci to human tissue proteins, epithelial cells, or other bacteria colonizing humans, the organism is ideally suited to studies of streptococcal adhesin function. The SspA and SspB polypeptides were expressed from pTREX1-usp45LS, localized to the bacterial cell surface, and extracted only from cells that had been previously incubated with cell wall hydrolytic enzymes; they could not be extracted from cells with SDS alone. This indicated that the Ssp polypeptides were covalently linked to the lactococcal cell wall, presumably via the gram-positive surface protein anchorage mechanism involving a C-terminal LPXTG motif (35) that is also recognized in lactococci (37, 42) . While previous work (6) has demonstrated that E. faecalis also could be used to express functional SspB adhesin, enterococci are less desirable as adhesin display vehicles because they are opportunistic pathogens and may demonstrate a range of phenotypes of adhesion to human tissue components (26, 41) .
Greater expression levels of SspB polypeptide antigen were obtained in the present study with L. lactis than with E. faecalis, and L. lactis cells expressing SspB bound in larger numbers to SAG than did E. faecalis cells expressing SspB. Interestingly, though, E. faecalis(pAM401EB-5) cells, which produced about 50% less ELISA-reactive cell surface antigen than did L. lactis(pTREX1-sspB) cells, were able to bind at least twice as many A. naeslundii cells than the lactococci did. One possible explanation for this is that the first 15 aa residues of SspA or SspB (which are missing in the constructs expressed in L. lactis) may be critical for antigen I/II polypeptide binding to A. naeslundii. However, this appears to be ruled out by the observation that L. lactis(pAM401EB-5) cells expressing native SspB, while showing an increased ability to bind SAG, did not exhibit an enhanced ability to bind Actinomyces (Table 1 ). Therefore, it is possible that enterococci express SspB on the cell surface in a form that is better recognized by Actinomyces. Alternatively, SspB-mediated binding of enterococci to A. naeslundii could be promoted through cooperative effects exerted by other surface molecules that are not active on lactococci. Adhesin cooperativity is implicated in the binding reactions of S. gordonii cells to Actinomyces, which involves not only the SspA and SspB polypeptides but also other multiple adhesinreceptor interactions that presumably contribute to strengthening coadhesion (17, 31) .
The antigen I/II polypeptides may be responsible, at least in part, for the different binding affinities of streptococcal species for salivary glycoproteins (1). In particular, the Ad1 and Ad2 adhesion-mediating sequences are species specific, and it is speculated that they may determine the specificity of binding to SAG (21) . Indeed, the Ad1 and Ad2 sequences within S. gordonii SspA and SspB proteins are identical. However, the SspA and SspB proteins exhibit 70% identical amino acid residues across their lengths (7), while the divergent-region sequences contain only 27% identical amino acid residues. Since lactococci expressing SspA bound SAG more efficiently than did lactococci expressing SspB, this implies that the polypeptides have different affinities for binding salivary glycoprotein ligands. Furthermore, the data strongly support evidence (1, 32, 34) that the binding of antigen I/II polypeptides to salivary glycoproteins involves regions outside of, and in addition to, the Ad1 and Ad2 sequences. Nucleotide sequencing of 750 bp encompassing the Ad1 and Ad2 regions within the pTREX1-sspA and pTREX1-sspB constructs confirmed that the Ad1 and Ad2 sequences in these plasmids were identical to those previously reported (7) . This eliminates the possibility that nonfidelity of PCR amplification generated alterations in these adhesion-mediating sequences. Although we cannot exclude the possibility that PCR amplification errors were introduced into other regions, the results argue strongly that sequences outside Ad1 and Ad2 are important for adhesion. Thus, SAG binding by antigen I/II polypeptides may involve an interaction of SAG with more than one binding site, as suggested by monoclonal antibody inhibition studies (1) and synthetic peptide inhibition studies (25, 32) . Alternatively, Ad1 and Ad2 sequences may be crucial in forming the SAG-binding pocket, with the affinity of SAG binding being influenced by conformational folding directed by other linearly distal sequences. The ability to express functional antigen I/II polypeptides on the lactococcal cell surface provides a future means of determining more precisely, by genetic and immunological techniques, the sequences and conformations involved in SAG recognition.
Implicit within the interpretation of the comparative binding data for lactococcal cells expressing SspA or SspB proteins is that expression levels of the genes and of the polypeptides at the cell surface were equivalent. The P1 antibody-binding results suggest that similar amounts (within 15%) of SspA or SspB polypeptides were present on the surfaces of the respective lactococcal cells, but the possibility cannot be excluded that the P1 antibodies lack the specificity to detect more significant differences in the surface expression levels of the two polypeptides. Such differences would affect the interpretation of absolute adhesion values and data on the relative affinities of SspA and SspB for various substrates but would not affect the conclusion that the individual SspA and SspB proteins have alternate spectra of substrate recognition. One way to determine more precisely the surface levels of SspA and SspB expressed in heterologous bacteria would be to generate a monoclonal antibody that is reactive with a conserved linear epitope.
The SspA and SspB polypeptides have been shown recently to mediate the adhesion of S. gordonii cells to collagen type I (30) . The results reported in this paper extend these data and suggest that SspB polypeptide has a higher affinity than SspA polypeptide for binding to collagen type I. The isolated N-terminal one-third of antigen I/IIf (from S. mutans serotype f) binds collagen, laminin, and fibronectin (40) . It is possible, therefore, that these different abilities of SspA and SspB to bind collagen are related to differences in primary sequence within the A regions of the polypeptides that are 84% conserved. Clearly, the ability to functionally express these polypeptides on the lactococcal cell surface should allow future delineation of the collagen-binding regions. It may be envisaged that the alternate binding properties of SspA and SspB for SAG and collagen enable different host environments or surfaces to be colonized by S. gordonii. Hence, the bacteria may be able to bind the salivary pellicle and colonize the tooth surface and may be able to bind collagen present in dentin and invade dentinal tubules (30) without compromising either infection process. Preliminary evidence indicates that expression of the sspA and sspB genes might be differentially regulated (8, 30) . This might then impart an additional level of control on the site specificity of adhesion and colonization by S. gordonii.
Interest in heterologous protein expression by L. lactis has centered around the development of these organisms as vaccine delivery vehicles (45) (46) (47) . Other food-grade bacteria such as Staphylococcus carnosus have also been engineered to display heterologous polypeptides on their surface (14) for biotechnological applications. The work described in this paper demonstrates that L. lactis cells can be used as display vehicles to characterize the binding properties of streptococcal adhesins. Since the displayed polypeptide is covalently linked to an adhesion-inert cell surface, this obviates the requirement for purifying the polypeptide for analysis. Furthermore, the polypeptide is presented in close to native conformation, permitting more detailed investigations of antigen I/II polypeptide structure and function.
